Active immunization against GRF at 6 months of age delays pu berty in beef heifers. The objectives of the present study were to determine whether active immunization against GRF at an earlier age would affect normal onset of puberty and follicular growth and to determine whether these changes were related to alterations in ovar ian insulin-like growth factor I (lGF-I) or IGF binding protein (IG FBP) messenger RNA (mRNA) levels. Heifers were immunized against human serum albumin (HSAi; n = 15) or against GRF con jugated to HSA (GRFi; n = 18) at 3 months of age. A third group of heifers was not immunized (CON; n = 16). Immunization against GRF delayed puberty beyond 13 months of age in 75% of treated heifers. Unilateral ovariectomy at 191 days of age revealed that the delay in puberty was associated with a reduction in the number of large ('.2:.7mm in diameter) follicies. Large follicles were present in only 22% of GRFi heifers compared to 77% of HSAi heifers. The number of small (,,; 3 mm in diameter) and medium (4 to 6 mm in diameter) follicles was not affected by GRFi. The percentage of 1-to 3-mm follicles that were atretic was not different between HSAi (65%) and GRFi (62%) heifers. Unilateral ovariectomy had no effect on age at puberty. Immunization against GRF decreased (P < 0.01) concen trations of IGF-I in serum (23 ~ 2 ng/rnl) compared to HSAi heifers (l09 ~ 11 ng/ml), IGF-I levels in follicular fluid (FFL) of mediumand small follicles were also decreased by GRFi from 82 :!: 3 ng/mlin HSAi heifers to 48 :!: 6 ng/ml (P < 0.01). Levels ofIGFBP-3 (determinedby ligand blot analysis) in serum and FFL of small follicles were de creased by GRFi (P < 0.01). In contrast, IGFBP-2 serum levelswere increased from 422 :!: 32 ng/ml in HSAi heifers to 657 :!: 6 ng/mlin GRFi heifers (P < 0.05). Likewise, IGFBP-2 levels in FFL fromsmall and medium follicles were increased from 785 :!: 44 ng/m! to 926 :!: 44 ng/ml (P < 0.05). Ligand blot analysis indicated that IGFBP levels were lower in FFL from large us. small follicles. The band intensites of IGFBP-4 and -5 were drastically reduced (>80%) while the de creases in IGFBP-2 and -3 were less marked «50%). The decreased levels ofIGFBP-5 in FFL from large follicles was not associated with an increase in proteolytic fragments detectable by immunoblot anal ysis. While mRNA transcripts for IGF-I, GH receptor, and IGFBP·2, -3, -4, and -5 were readily detectable in ovarian tissue, GRFi hadno effect on ovarian levels of mRNA for each of these proteins. This suggests that the decrease in follicular development associated with GRFi may be related to changes in circulating IGF-I and/or IGFBPs. (Endocrinology 137: 1670-1677 T HE MECHANISMS that regulate normal follicular de velopment and onset of puberty are not clearly defined. Nutritional stress delays cyclic ovarian function or puberty in several species (1, 2). In this situation, the normal positive relationship between GH and insulin-like growth factor-I decreases (3, 4) . Studies have demonstrated that exogenoUS GH alters ovarian follicular growth (5-7); however, it reo mains unclear whether this is a direct effect of GH or an effect mediated by IGFs and/ or other factors. Either alone or in synergy with gonadotropins,
decreases (3, 4) . Studies have demonstrated that exogenoUS GH alters ovarian follicular growth (5-7); however, it reo mains unclear whether this is a direct effect of GH or an effect mediated by IGFs and/ or other factors. Either alone or in synergy with gonadotropins, IGF-I influences ovarian ste roidogenesis and mitogenesis ill vitro (5, 6) . Specific forms01 IGF-I binding proteins (lGFBPs) have been shown to mod ulate the ability of IGF-I to potentiate gonadotropin actionin ovarian granulosa cells (5) . Messenger RNA (mRNA) lor IGF-I, the type I IGF receptor, and IGFBPs have been iden tified in ovarian tissue from several species (5), suggestinga potential autocrine / paracrine mode of action for IGF-Iinthe ovary. However, the ability of endocrine factors such as GI1
to regulate ovarian synthesis of the IGFs and their binding ( proteins is not well defined.
We have previously used the model of active immuniza ( tion against GRF to evaluate the ill vivo effects of IGF-I,GI1, (
and / or GRF on puberty in bovine females (8) . Immunization of heifers at 6 months of age decreased serum GH and reF-! and delayed puberty 6 months beyond the typical age 0112 to13 months (8) . In the present study, we hypothesized that r,ormonal changes during the period between 3 and 6 months tiage maybe critical to the attainment of pu berty: therefore, )Iifers were immunized against GRF at approximately 3 months ofage.To determine whether local synthesis of IGF-I a~d!or IGFBPswas affected by GRF immunization, heifers ',rereunilaterally ovariectomized (ULO) at 6 months of age andovarianmRNA levels for IGF-I, IGFBP-2 through -5, and GH receptor were determined.
Materials and Methods

.himal studies
Prepubertal bed heifers were immunized ,lg.linst 1.5 mg GRF con-'J;ated toHSA(GRFi;n 18)m 1.5 mg liSA (IISr\i; n 15}.lS described (8) 
Ligand and immunoblotting
The forms of IGFBP present in serum and FFL were visualized by ligand blotting (15) 
RIA,';
Serum concentrations of LH were determined as described (17) . Average intra-and interassay coefficient of variation (CV) were 9.7% and 11.4%. Serum progesterone was determined by a solid-phase RIA (Di-,lgnostic Products Corp., Los Angeles, CAl. Concentrations of IGF-I in serum and FFL were determined as described (18) . Intraassay CVs were 6.7'X, and 9.5'1"0for serum and FFL, respectively. Concentrations of IG-FBI'-2 in serum and FFL were determined by double antibody RIA as previously described (19) . Serum and FFL samples were diluted 1:20 \\'ith RIA buffer, and 5 iLl were analyzed.
Intra-and interassay CVs were 5.3% and 8.7%, respectively.
Statistical analyses
Data were analyzed using the general linear models procedure of SAS (20) . Split-plot ANOVA (21) was used for variables with multiple observations per heifer. Only data from small (:003 mm in diameter) or medium (4 to 6 mm in diameter) follicles were included in the analyses of FFL IGF-I and IGFBP-2 since GRFi resulted in an inadequate number of large (? 7 mm) follicles (n 4) relative to HSAi heifers. Class offollicle (i.e. small or medium) was included in the initial analyses but subsequently deleted since neither class nor diameter contributed to variation in FFL IGF-I or IGFBP-2. Treatment was tested using the heifer within treatment X breed mean square as the error term. Episodes of LH release were defined using the method of Goodman and Karsch (22) .
Results
Active immunization
against GRF at 3 months of age delayed puberty in more than 75% of heifers (P < 0.01; Fig. 1 ).
Age at puberty was similar between HSAi and untreated control heifers (Fig. 1 ), indicating that ULO had no effect on onset of puberty. GRFi was accompanied by a decrease in weight gain; weight (kilograms per day of age) at 383 days was greater in untreated control and HSAi (0.89 :i: 0.02) than in GRFi (0.78 :i: 0.02) heifers. Serum concentrations of LH and frequency of pulsatile LH release were determined at 288 and 315 days of age (Table 1) . Two heifers (CON and HSAi) became pubertal during this time and were omitted from LH analyses. Serum concentra tions and frequency of LH release were similar in CON and HSA heifers; thus, data were pooled and represented as HSAi. At 315, but not 288 days of age, serum LH was greater (P < 0.05) in GRFi than in HSAi heifers. Frequency of LH release was not affected by treatment; however, across treat ment, frequency increased with age (288 vs. 316 days, P < 0.05).
The number of small, medium, or large surface ovarian follicles in GRFi or HSAi heifers at 191 days of age is pre sented in Fig. 2 . The number of large follicles was drastically decreased (P < 0.05) by GRFi. Only 22% of GRFi heifers had follicles 2: 7 mm compared to 77% of HSAi heifers. In con trast, the number of small and medium follicles was not affected by treatment. The incidence of atresia was deter mined in small follicles between 1 and 3 mm in diameter. The percentage of follicles that were atretic was not affected by GRFi ( Table 2) .
Concentrations of IGF-I and IGFBP-2 in serum and FFL Values are mean z; SEM (n = 32).
from follicles :s 6 mm at the time of ULO are presented in Fig.  3 . Only FFL from follicles :s 6 mm was used for analyses because of a limited number of large follicles in GRFi heifers (n = 4). Neither class (small vs. medium) nor diameter con tributed to variation in IGF-I or IGFBP-2; thus data were pooled for presentation. Serum levels of IGF-I were de creased from 109 :i: 11ng/ml in HSAi heifers to 23 ::t 2 ng/ml in GRFi heifers (P < 0.01). Likewise, levels of IGF-I in FFL were lower (P < 0.01) in GRFi heifers (48 :i: 6 ng/ ml) com pared to HSAi heifers (82 ::t 3 ng/ml). In contrast, heifers immunized against GRF had higher circulating levels of IG FBP-2 compared to HSAi heifers (657 :i: 6 ng/ ml V5. 422 :+::
32 ng / ml; P < 0.05). This treatment effect was also observed with FFL IGFBP-21evels (926 :i: 44 ng/ml in GRFi heifers V5.
785 :i: 44 ng/ml in HSAi heifers; P < 0.05).
Ligand blot analysis of serum from HSAi and GRFi heifers is shown in Fig. 4 . The intensities of the IGFBP-3 bands in serum were less (P < 0.01) in GRFi (1980 :i: 276) than in HSAi (3770 :i: 455) heifers. Likewise, the intensities of the IGFBP-4 bands were decreased 30% by GRFi (590 :i: 66 V5. 413 :i: 41; P < 0.05). GRFi had no effect on the intensities of the doublet bands migrating at 29,000-31,000 (possibly IGFBP-5). While serum IGFBP-2 levels determined by RIA were increased 55% in GRFi heifers, a significant increase was not observed when IGFBP-2 levels were quantitated by ligand blot anal ysis. To ensure that the higher values obtained by RIA were not due to an increase in proteolytic fragments that were detected in the RIA, the Western blots were immunoblotted with antisera against IGFBP-2, which detects IGFBP-2 pro teolytic fragments (23) . While IGFBP-2 fragments of 22 and Heifers were actively immunized against GRF or HSA at 94 days of age. Data were pooled from follicles with diametcrs es 6 mm. Serum andFFL IG F I were decreased by GRFi. In contrast, serum and FFL concentrations of IGFBP-2 were increased by GRFi. Across treatments. concentrations oflGFBP-2 were greater in FFL than in serum. The effect of GRFi on IGFBP levels in FFL from small follicles(::::;3 mm) was also examined by ligand blot analysis (Fig. 3) . Levels of IGFBP-3 in FFL of small follicles were less (P < 0.05) in GRFi (560 ± 130) than in HSAi (1000 ± 110) heiferswhile IGFBP-4 and -5 levels were not affected by GRFi. ligand blot analysis of FFL from large and small follicles 1673 of HSAi animals indicated that total IGFBP binding activity was lower in FFL from large vs. small follicles (Fig. 6, panel  A) . IGFBP-4 and IGFBP-5 levels were dramatically reduced (86 ± 9% and 88 ± 9%, respectively; n 4) in FFL from large follicles. In contrast, smaller decreases in IGFBP-2 (38 ± 17%) and IGFBP-3 (29 ± 11%) were observed. While IGFBP-5 fragments of 21-22 kDa were detectable in FFL by immunoblot analysis, the intensities of these bands corresponded with the intact IGFBP-5 bands (Fig. 6, panel B) .
Transcripts for IGFBP-2, -3, -4, and -5 mRNAs were readily detectable by Northern analysis in ovarian tissue of both GRFi and HSAi heifers (Fig. 7) . However, levels of mRNA for each of the IGFBPs were not affected by treatment. Similarly, ovarian levels of IGF-I and GH receptor mRNA (analyzed by ribonuclease protection assay) were not different between GRFi and HSAi heifers (Fig. 8) .
Discussion
These results confirm our previous finding that imrnu noneutralization of GRF delays puberty in bovine females (8) . Furthermore, a greater percentage of heifers (75% vs. 50%) failed to reach puberty by 12 months of age when immunization against GRF was initiated at 3 months of age compared to 6 months of age in our previous study. This indicates that follicular growth between 3 and 6 months of age may be critical to normal onset of puberty in heifers. In the present study, the number of large follicles was decreased by GFRi, while the number of small and medium follicles was not affected. This contrasts with the study of Gong et al. (7) in which treatment of postpubertal heifers with exogenous GH increased the number of small follicles but not the num ber of large follicles at each follicular wave. Hence GH may influence follicular development differently in pre-V5. post pubertal animals. Our data suggest that the GRF / GH axisis involved in the dynamics of follicular growth as early as6 months in heifers. This is particularly important since the majority of studies aimed at identifying endocrine changes associated with puberty have focused on the 1-to 2-month period preceding puberty.
Mechanisms by which immunoneutralization of GRF al ters follicular growth have not been clearly defined. Immu nization against GRF at 3 months of age decreased concen trations of IGF-l in both serum and FFL. The ability of IeF-1 to stimulate granulosa cell mitogenesis in vitro and to amplify gonadotropin action on steroidogenesis in granulosa and \ thecal cells suggests that it may be an important regulator of folliculogenesis (5) . The role of local vs. systemic IGF-I in I mediating these effects is unclear. lGF-l mRNA transcripts { have been detected in rat and human ovarian tissue (24, 25) , 1 and bovine and porcine granulosa cells have been shown to I synthesize IGF-l (26, 27) . In the present study the abundance of lGF-I transcripts in whole ovarian tissue was not affected by GRFi, suggesting that local synthesis of IGF-l was not altered. However, ovarian lGF-I availability may have been decreased via an endocrine mechanism since serum IeF-1 levels were drastically reduced in GRFi heifers. Few studies have examined the hormonal regulation of ovarian leF-1 levels in vivo. In the immature hypophysectomized rat model, GH increased lGF-I mRNA levels in the liver but not the ovary, while estrogen appeared to be the pivotal inducer of ovarian lGF-l expression (28) . However, a recent study reported that ovarian levels of lGF-I mRNA were decreased in young rats made GH deficient by treatment with monoso dium glutamate. This effect was reversed by GH treatment (29) . Similar to our findings, Samaras et al. (30) reported that ovarian lGF-l mRNA levels were not altered in prepubertal gilts after 20 or 40 days of exogenous GH treatment in spite of increased levels of lGF-l in both serum and FFL. These studies suggest that GRF and/ or GH may not regulate ovar ian synthesis of lGF-l in domestic species.
Ovarian granulosa and thecal cells secrete multiple forms of lGFBP in vitro (31) (32) (33) (34) , and several forms have been iden tified in FFL (15, 31, 35, 36) . Therefore, the ability of lGF-I to influence follicular development may be largely regulated by its interaction with the IGFBPs. Exogenous addition of lGFBP-1 through -5 has been shown to inhibit FSH-stimu lated cAMP generation, steroidogenesis, and mitogenesis of cultured granulosa cells (34, (37) (38) (39) (40) . These data suggest a role for the lGFBPs as anti gonadotropins; by sequestering IGF-I they may negate its ability to amplify gonadotropin action. In the present study levels of lGFBP-2 in FFL from small follicles were increased by GRFi while IGFBP-3 levels were decreased. Recently Grimes et al. (41) reported a positive correlation between FFL lGFBP-3levels and follicle diameter in the porcine ovary (41) . In contrast, lGFBP-2 was found to be related more to atresia than to follicle size, suggesting specific roles for individual forms of lGFBP. Given the ele vated levels of IGFBP-2 observed in FFL from GRFi heifers, an increased rate of atresia in GRFi heifers might be expected. Howe\'er, the incidence of atresia determined by histological examinationwas not different between HSAi and GRFi heifers, It may be that more sensitive biochemical analyses may lerequired to detect differences in atresia or that changes l,ccur at stages too early to be detected by visual examination.
Inthe rat, IGFBP-4 and -5 mRNAs have been shown to be !vcalized exclusively in granulosa cells of atretic antral and rreantralfollicles, respectively, but not in granulosa cells of neal thy follicles (42, 43) . This has led to the suggestion that :hese forms of IGFBP may play a role in the processes of ivllicle selection and/ or follicular atresia in this species. Our data indicating that IGFBP-4 and -5 were drastically reduced in FFLfrom large follicles compared to small follicles sugseststhat these forms may also playa similar role in the lovinc. The finding that only 22% of GRFi heifers had fol-:icles grea ter than 7 mm in diameter made it difficult to determinewhether there was a difference between HSAi and GRFi heifers in this regard. IGFBP-4 and -5 levels persisted inFFLfrom small follicles in both HSAi and GRFi heifers, I supporting the suggestion that IGFBP-4 and IGFBP-5 may regulatefollicular selection and atresia. The finding that FSH inhibitedIGFBP-4 and -5 mRNA levels in rat granulosa cells offers further support for an inhibitory role for these iorms of IGFBP. FSH has also been shown to stimulate the production of a protease which degraded IGFBP-4 and -5 in themedia of rat granulosa cells (34, 44) . In HSA-immunized heifers,immunoblot analysis of FFL from large and small iolliclesindicated that IGFBP-5 fragments were present. However. their abundance corresponded with the level of intact IGFBP-5, suggesting that the difference was not simply dueto an increase in IGFBP-5 proteolytic activity.
Asfor IGF-I, the importance of locally produced IGFBPs l'S serum-derived IGFBPs in mediating follicular developmenthas not been determined. In the present study, IGFBP-2, ·3, --I, and -5 mRNA transcripts were readily detectable in wholeovarian tissue. However, the abundance of each of the rGFErtranscripts was not affected by GRFi, suggesting that local production of the IGFBPs also was not changed by GRFi. Therefore the changes in FFL IGFBP-2 and -3 levels most likely reflect transudation of serum IGFBPs. The analysisof whole ovarian tissue does not determine whether cell t\'pe·specific changes in IGF-I or IGFBP synthesis occur. IGF geneexpression has been shown to be highly compartmentalizcd in immature hypophysectomized diethylstilbestroltreated rats, with IGF-I mRNA localized to the granulosa cells of the developing follicle and IGF-II expressed solely in thetheca-interstitial cells (28, 45, 46) . In contrast, IGF-II rather thanIGF-I has been shown to be the major IGF gene expressed in the human ovary, being expressed in granulosa cells of dominant follicles and in thecal cells of small antral follicles (25) . Similarly, cellular localization of IGFBPs has beendescribed. In the pig and human, granulosa and thecal cells were found to express IGFBP-2 while IGFBP-3 was not detected in granulosa (47, 48). In the immature rat, IGFBP-2 and-3 gene expression was localized to the theca-interstitial compartment of the ovary (49, 50). IGFBP-2 mRNA was also localized to theca interstitial cells in adult rat ovary, while IGFBP-3 was expressed in some, but not all, corpus luteum (42), Recent studies have suggested that IGFBP-3 produced by vascular elements may be involved in luteolysis of the corpus luteum in the rat (51) . IGFBP-3 was detected only in the endothelium of ovarian blood vessels in the human ovary (48). Our design did not allow delineation of cell types producing IGFBP; however, luteal tissue can be ruled out as a source since heifers were prepubertal.
A direct effect of GH on the ovary is possible since GH receptors have been identified in ovarian tissue. GH has been reported to enhance mitogenesis and steroidogenesis in granulosa cells in vitro (52, 53) . In addition, gonadotropinstimulated differentiation of rat granulosa cells was augmented by GH (53) . However, levels of GH receptor mRNA were not altered by GRFi in the present study, suggesting that GRFi does not inhibit ovarian function via a decrease in GH receptor gene expression.
It is interesting that mean serum LH was greater in GRFi than in HSAi heifers at 315 days of age. This is an age at which LH might be expected to increase in association with impending puberty, yet only 25% of GRFi heifers were pubertal by 14 months of age. A similar elevation of serum LH has been reported in mature cyclic GRFi beef cows (53) and in 5-to 6-month old GRFi heifers (54) . Itis possible that GRFi alters LH sensitivity to estradiol since Schoppee et al. (55) found that GRFi heifers had elevated LH after exogenous estradiol.
In conclusion, active immunization against GRF delayed puberty beyond 14 months of age in bovine females by altering follicular growth between 3 and 6 months of age. Treatment was also associated with decreased concentrations of IGF-I and IGFBP-3 and increased IGFBP-2 in FFL. However, ovarian expression of IGF-I and IGFBP-2, -3, -4, or -5 was not affected, suggesting that the changes in systemic levels of IGF-I and IGFBPs that occurred during GRF immunization may playa role in inhibiting follicular growth.
